In the present paper, the effects of nitridation on the quality of GaN epitaxial films grown on Si(1 1 1) substrates by metal-organic chemical vapor phase deposition (MOCVD) are discussed. A series of GaN layers were grown on Si(1 1 1) under various conditions and characterized by Nomarski microscopy (NM), atomic force microscopy (AFM), high resolution X-ray diffraction (HRXRD), and room temperature (RT) photoluminescence (PL) measurements. Firstly, we optimized LT-AlN/HT-AlN/Si(1 1 1) templates and graded AlGaN intermediate layers thicknesses. In order to prevent stress relaxation, step-graded AlGaN layers were introduced along with a crack-free GaN layer of thickness exceeding 2.2 lm. Secondly, the effect of in situ substrate nitridation and the insertion of an Si x N y intermediate layer on the GaN crystalline quality was investigated. Our measurements show that the nitridation position greatly influences the surface morphology and PL and XRD spectra of GaN grown atop the Si x N y layer. The X-ray diffraction and PL measurements results confirmed that the single-crystalline wurtzite GaN was successfully grown in samples A (without Si x N y layer) and B (with Si x N y layer on Si (1 1 1) ). The resulting GaN film surfaces were flat, mirror-like, and crack-free. The full-width-at-half maximum (FWHM) of the X-ray rocking curve for (0 0 0 2) diffraction from the GaN epilayer of the sample B in x-scan was 492 arcsec. The PL spectrum at room temperature showed that the GaN epilayer had a light emission at a wavelength of 365 nm with a FWHM of 6.6 nm (33.2 meV). In sample B, the insertion of a Si x N y intermediate layer significantly improved the optical and structural properties. In sample C (with Si x N y layer on Al 0.11 Ga 0.89 N interlayer). The in situ depositing of the, however, we did not obtain any improvements in the optical or structural properties.
The effect of Si x N y interlayer on the quality of GaN epitaxial layers grown on Si (1 1 1 
Introduction
As a substrate for the growth of GaN/AlGaN epitaxial layers, silicon has many advantages compared to SiC and sapphire due to its high crystal quality, low cost, good electrical and thermal conductivity, and large-area size [1] [2] [3] [4] [5] [6] [7] [8] . Due to these advantages, gallium nitride growth on Si(1 1 1) wafers has attracted considerable academic and commercial attention. However, because of the large mismatches in the lattice parameters (À16.9%) and thermal expansion coefficients (approximately 113%) between Si and GaN, it is rather difficult to epitaxially grow GaN on Si substrates [9] [10] [11] [12] [13] [14] [15] . Due to large lattice mismatch a high density of threading dislocations on the order of (10 9 $ 10 10 cm À2 ) exists in the GaN film on silicon substrates, which significantly affects the performance of the GaN based devices [2] . On the other hand, cracks are typically formed either due to the large tensile stress in the GaN film during growth or during the cooling down process with large differences in the thermal expansion coefficient between GaN and Si [9] [10] [11] [12] [13] [14] [15] . The growth conditions and quality of the crystals strongly affect the crack density. The average size of the crack-free surface areas on an epitaxial sample can be increased by manipulating the growth conditions as well as the post-growth heat treatment. However, the appearance of the cracks is quite random on the film, which produces a fatal difficulty in device applications. Therefore, the control of crack distribution for a large-area film is the main issue of the present study [8] [9] [10] [11] .
Many methods have been reported to eliminate the cracks and to improve crystal quality. Min-Ho Kim et al. [13] used a five-step graded Al x Ga 1Àx N (x = 0.87À0.07) interlayer between AlN buffer layer and GaN on Si (1 1 1). An AlGaN/GaN superlattice was used by Nikishin et al. [9] instead of an AlGaN layer. The insertion of a low temperature AlN (LT-AlN) interlayer into the bulk high growth temperature GaN, which was proposed by Amano et al. [10] . Graded AlGaN intermediate layers between the AlN nucleation layer (NL) and GaN introduces compressive stress during growth in order to compensate for the tensile stress that is generated primarily during the cool down from the growth temperature [14] .
However, because of the excessively large thermal expansion coefficient mismatch, these methods have not achieved perfect GaN/Si(1 1 1) epitaxy when compared with the growth of GaN on sapphire substrate [4, 5] .
It has been recently demonstrated that defect-free GaN on Si was present when an Si x N y buffer was used for the GaN grown by MOCVD [16] and by hot wall chemical vapor deposition [17] . This buffer was achieved by nitridating the Si substrate with N 2 flow at at 900°C by Uena et al. [16] and at 1120°C by Huang et al. [17] . Additionally, a double-buffer structure of AlN/Si x N y was used by molecular beam epitaxy [18] where single-crystalline Si x N y was obtained by introducing the active nitrogen plasma to the Si(1 1 1) surface at 900°C for approximately 30 s. Hageman et al. [19] showed the insertion of an Si x N y intermediate layer on a 1 lm GaN layer significant improves the optical and structural properties of the GaN layer.
In the present paper, we demonstrate the extremely smooth and flat GaN high-quality and nearly crack-free GaN/Si(1 1 1) epitaxy. We investigated the effect of in situ substrate nitridation and the insertion of an Si x N y mask interlayer on the GaN crystalline quality in the Si(1 1 1)/ 30 nm HT-AlN/30 nm LT-AlN/400 nm HT-AlN/Al xGa 1Àx N/GaN sample structures. The epitaxial quality of the GaN film significantly improved by the Si x N y layer grown on Si(1 1 1) substrate.
Experimental procedure
GaN epitaxial layers on Si-substrate were grown in a low-pressure MOCVD reactor (Aixtron 200/4 HT-S), using Trimethylgallium (TMGa), trimethylaluminum (TMAl), and ammonia as Ga, Al and N precursors, respectively. The H 2 was used as a carrier gas during AlN and AlGaN growth. Before loading the substrates, Si substrates were sequentially degreased by H 2 OSO 4 :H 2 O 2 :H 2 O (2:1:1) solutions for 1 min, and etched in a 2% HF solution for 1 min, rinsed in de-ionized water, and dried with a nitrogen gun.
At the beginning of the growth, the substrate was baked in an H 2 ambient at 1100°C for 20 min in order to remove the native oxide. Three different samples were grown with an optimized buffer layer. In sample A, to prevent the formation of the amorphous Si x N y layer, we carried out 3 s Al pre-deposition on the silicon surface ( Fig. 1 a) . In samples B and C, we performed nitridation on different layers of the surface (Fig 1b and c) . To grow an Si x N y mask layer on an Si(1 1 1) substrate surface in sample B, following the thermal etching, the substrate was nitridated by exposing it to the NH 3 flow of 0.90 slm for 10 min at 1020°C. Nitridation in sample C was performed on the Al 0.11 Ga 0.89 N interlayer. The in situ depositing of the Si x N y layer took place at 1020°C with the introduction of silane (150 sccm) to the NH 3 flow (3 slm) for 120 s.
The buffer structures and growth conditions of all the samples were the same and included: low-temperature The crystalline quality of the GaN layers was examined by high resolution X-ray diffraction (XRD). The X-ray diffraction was performed using a Bruker D8 system, delivering a Cu Ka1 line. The optical properties were investigated by photoluminescence (PL) measurements performed at room temperature. PL spectra were excited using a HeÀCd laser (325 nm) with an excitation power of 15 mW. The surface morphology of the top GaN film was observed by Nomarski interface contrast optical microscopy and atomic force microscope (AFM). samples were studied by optical Nomarski interference microscopy. The crack density changes with the Si x N y interlayer position. In the present paper, we have shown a variation of cracks with the Si x N y interlayer. The lowest crack density was achieved on sample B with GaN film grown on nitridated silicon substrates. In sample C, the insertion of a Si x N y intermediate layer increased the crack density in the sample. The cracks along the {1À100} in the GaN layers grown on Si substrate have already been reported by many groups [8, 13, 24, 29] . Cracks in the GaN on Si are known to be formed during the cooling stage due to the large tensile stress caused by the large difference in the thermal expansion coefficients [20, [22] [23] [24] .
Results and discussion
The surface morphology of the GaN layer grown on nitrided Si substrate is extremely smooth. The root-meansquare (RMS) roughness and the maximum peak-to-valley roughness are between 0.8 nm and 12.3 nm. Fig. 3 shows a comparison of the surface morphology for the samples. Sample B has a smooth surface with low rms roughness (rms = 0.8 nm) compared to sample A (rms = 0.9 nm) and sample C (rms = 12.3 nm). Sample B with nitrided substrate shows fewer defects, but sample C with an Si x N y intermediate interlayer on an Al 0.11 Ga 0.89 N interlayer shows structural defects along with a rough morphology, in which similar surface defects have been associated with open core dislocations that have a screw-type component [12, 20, 21] .
X-ray diffraction (XRD) was performed for all of the samples to investigate the crystal phase of the GaN on Si (1 1 1). Fig. 3a shows a typical xÀ2h scan XRD pattern of a GaN layer grown on a 400 nm HT-AlN and 700 nm graded Al x Ga 1Àx N interlayer, with nitrided Si (1 1 1) [12, 26] . Fig. 4b reveals the (h-rocking curve for GaN (0 0 0 2) reflection peak for sample B. The FWHMs values of the symmetric (0 0 0 2) rocking curve, x-scan as well as the symmetric xÀ2h scan, are shown in Table 1 . The FWHM of the GaN (0 0 0 2) peak were in the range of 492-973 arcsec. It is shown that with the Si x N y mask on the Si substrate the FWHM of XRD peak decreases from 566 to 492 arcsec, which is indicative of a significant improvement. The results are comparable to the best result of 600 arcsec reported by Armin Dadgar et al. [25] . On the other hand, these values are better than 790-730 arcsec, which were obtained by Cheng et al. [20] . We also obtained rather low FWHM values for the symmetric xÀ2h scan of the GaN (0 0 0 2) peak. We did not obtain, however, an improvement of the material quality with Si x N y interlayer on the Al 0.11 Ga 0.89 N interlayer. The second and third columns show the peak position and FWHM (nm) of the band emission of PL at room temperature. In the fourth and fifth column, FWHM (arcsec) of x-scan and xÀ2h scan XRC curve for (0 0 0 2) reflection of GaN, are listed respectively. The last column shows the rms surface roughness (nm) measured for a 2 Â 2 lm 2 scan area.
The photoluminescence (PL) spectra at room temperature for all of the samples are shown in Fig. 5 . The PL peak and FWHM values for the samples are all shown in Table  1 . The samples show a strong PL emission band between 365 and 367 nm (3.40-3.38 eV) due to the near band edge emission from wurtzite GaN. In the literature, the PL emission band for the GaN on sapphire substrate is between 361 and 363 nm [30] . The FWHMs of the band edge emission were in the range of 6.6-7.2 nm. The small FWHM values of the PL emission peaks also indicate high-quality w-GaN material. It can be seen in Table 1 and Fig. 5 that there is a red-shifted peak between sample B, and sample C is 2 nm. In our case, this may have been due to the lattice deformation resulting from the difference in the thermal expansion coefficients of GaN and Si [27, 28] . Fig. 5 shows the PL spectra taken from the samples. This spectrum shows very low intensity of emission at 373 nm. For sample C, this emission peak intensity was lower than the other samples. We also did not observe its presence in the GaN layers grown on sapphire. Further investigation is needed to clarify its origin.
The blue shift of PL emission energy was considered to be a result induced by the compressive strain in a HT-GaN film on sapphire substrate by Iwaya et al. [31] . Additionally, Tsai et al. [30] found that in GaN film on sapphire substrate, the RT near band edge PL emissions energy are shifted to lower energies, namely, 3.45 and 3.43 eV, respectively. These results were explained as compressive strain reduction.
In Table 1 , the FWHMs of a near band edge emission peak are 6.6 nm for sample B and 6.7 nm for sample A. It is indicated that sample B, which was grown with a Si x N y mask interlayer on Si substrate, has the best optical property, which is comparable to the best result achieved for GaN/Si epilayers [27] [28] [29] . The low FWHM values in our films may likely be attributed to the highdegree of crystallographic alignment of the buffer layers and to the layers without a gain structure. Wu et al. [18] 
Conclusions
In summary, single-crystalline GaN films were successfully grown on Si(1 1 1) substrates using silicon nitride as the first buffer layer and as the intermediate layer by MOCVD. The thicknesses of the GaN epitaxial layers exceeded 2.2 lm. The crystalline quality and morphology of the GaN layers significantly improved after using nitride as the first buffer layer. The root-mean-square (RMS) value of the surface roughness of the GaN film grown on appropriately nitridated Si is approximately 0.8 nm as was obtained by an atomic force microscopy. When compared to the previously published results, the resultant GaN epitaxial layers exhibited the best value for the crystalline quality and morphology. Pronounced GaN (0 0 0 2), (0 0 0 4), (0 0 0 6), and two Si(1 1 1) peaks appeared in the XRD pattern. The FWHM of the double crystal X-ray rocking curve (DCXRC) for the (0 0 0 2) diffraction was 492 arcsec for sample B and 566 arcsec for sample A. These results show that there is significant improvement in the GaN crystal quality that is grown on nitridated silicon substrates. At room temperature, the PL spectrum for sample B showed that the GaN epilayer emitted light at a wavelength of 365 nm with a FWHM of 6.6 nm (33.13 meV). As a result of our investigation, it is concluded that performing the simple nitridation of silicon substrate makes it possible to grow high-quality GaN on Si by MOCVD.
